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~-'>This  contract  was  a  study  of  possible  variations  in  the  observed  flux  from  coronal  holes 
over  a  solar  cycle  and  their  relationship  to  solar  magnetic  fields.  The  variation  of  X-ra^ 
emission  from  coronal  holes  was  measured  and  compared  with  data  on  photospheric  magnetic 
field  strength  and  models  of  open  field  structures  from  holes.  The  data  set  consisted  of 
reduced  X-ray  images  from  AS&E  rocket  flights  and  digitized  photospheric  magnetic  field 
strength  data  from  Mt.  Wilson  and  Kitt  Peak  observatories  over  the  period  1974  to  1981. 

The  results  are  as  follows.  We  found  that  soft  X-ray  emission  from  coronal  holes  could  be 
detected  in  the  rocket  data,  confirming  earlier  Skylab  results.  Also,  this  emission  ap¬ 
peared  to  vary  systematically  over  an  8-year  period,  from  a  minimum  in  mid-1974  to  a 
maximum  about  one  year  after  sunspot  activity  maximum.  This  conclusion  is  strengthened  by 
three  other  observations:  (1)  Hel  10830  A  coronal  holes  exhibited  decreased  contrast 
during  this  same  period;  (2)  the  particular  holes  that  we  measured  were  typical  of  those 
at  each  phase  of  the  cycle  in  terms  of  their  evolutionary  and  interplanetary  character¬ 
istics;  and  (3)  the  X-ray  hole  emission  followed  a  similar  trend  in  Harvey  et  al . ' s  (1982) 
data  whereby  the  photospheric  field  strength  of  near-equatorial  holes  increased  systematic¬ 
ally  by  a  factor  of  three  between  1973  and  1980.  Further,  our  own  measurements  of  field 
strengths  within  the  X-ray  hole  boundaries  were  sparse  but  generally  in  agreement  with  the 
Harvey  et  al .  trend.  .  ,  .......  >  <•;„  .  ;  j:.  >' 
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FOREWORD 


This  document  is  the  final  report  for  AFGL  Contract  Number  F19628-84-C-0037  . 

The  period  of  performance  on  the  contract  was  from  8  November  1983  to  30  Sep¬ 
tember  1984,  as  extended  by  Modification  No.  P00001  dated  5  October  1984.  The 
scientific  objectives  and  statement  of  work  for  the  contract  were  described  in 
AS&E's  unsolicited  proposal  ASE-4777 ,  dated  24  January  1983. 

The  contract  was  for  the  study  of  possible  variations  in  the  observed  flux  from 
coronal  holes  over  a  solar  cycle  and  their  relationship  to  solar  magnetic 
fields.  Included  in  the  study  was  the  investigation  of  the  variation  of  X-ray 
emission  from  coronal  holes  over  a  solar  cycle  and  the  comparison  of  these  data 
with  the  photospheric  magnetic  field  flux  and  models  of  open  field  structures 
from  holes.  The  data  set  consisted  of  reduced  X-ray  images  from  AS&E  rocket 
flights  and  digitized,  ground-based  photospheric  magnetic  field  data.  The 
Principal  Investigator  on  the  contract  was  Dr.  John  M.  Davis.  The  data  reduc¬ 
tion,  calibration  and  subsequent  analyses  were  performed  primarily  by  David  F. 


1.0  INTRODUCTION 


Studies  during  the  last  decade  and  a  half  and  including  the  Skylab  era  have 
shown  the  importance  of  low-latitude  coronal  holes  as  sources  of  high  speed 
solar  wind  streams  (Krieger  _et_a_l.,  1973;  Nolte  et  al . .  1976;  Zirker,  1977; 
Sheeley  and  Harvey,  1978;  1981).  Potential  magnetic  field  calculations  have 
been  used  to  identify  regions  of  open  field  lines  from  observed  photospheric 
line-of-sight  fields  (Altschuler  and  Newkirk,  1969;  Levine,  1977,  1982). 

During  the  declining  phase  of  the  last  solar  cycle  (the  Skylab  period),  a 
nearly  one-to-one  association  between  coronal  holes  and  open  fields  was 
established  (Zirker,  1977).  However,  it  has  been  suggested  that  this  relation 
is  less  clear  during  other  parts  of  the  cycle.  For  instance,  Levine  (1977; 
1982)  showed  that  during  Skylab  and  around  solar  maximum  open  fields  also 
emanate  from  active  regions,  and  Nolte  et  al .  (  1977)  and  Sheeley  and  Harvey 
(1978;  1981)  showed  that  during  solar  minimum  and  the  rise  to  maximum  there 
were  solar  wind  sources  (presumably  connected  with  the  corona  by  open  field 
lines)  that  could  not  be  identified  with  low-latitude  coronal  holes. 

Coronal  holes  were  first  and  most  easily  identified  in  soft  X-ray  and  XUV 
images  as  regions  of  very  low  brightness  in  comparison  to  surrounding  active 
regions  or  other  large-scale,  closed  structures.  However,  since  such  observa¬ 
tions  have  not  been  available  routinely  since  the  end  of  the  Skylab  mission,  an 
alternative  method  for  determining  positions  and  sizes  of  coronal  holes  has 
been  employed  using  ground-based  Hel  10830  A  data.  The  10830  A  images  have 
been  used  extensively  (e.g.,  Sheeley  and  Harvey,  1978;  1981)  for  determining 
coronal  hole  positions  and  areas  and  their  relationships  to  solar  wind  speeds 
and  geomagnetic  activity  indices. 

Rocket  flights  subsequent  to  the  Skylab  mission  have  provided  us  with  high 
resolution,  full-disk  solar  X-ray  images  at  approximately  18-month  intervals 
over  the  present  solar  cycle.  Recently  at  AS&E  we  began  a  study  using  these 
images  to  advance  our  understanding  of  coronal  holes  in  three  ways: 

1.  To  test  the  agreement  between  X-ray  and  10830  A  images  for  determining 
coronal  hole  boundaries, 


2.  To  examine  possible  variations  in  the  characteristics  of  coronal  holes 
occurring  over  the  solar  cycle, 

3<  By  comparison  with  potential  field  models  to  evaluate  the  correspon¬ 
dence  between  coronal  holes  and  open  field  configurations. 

The  first  phase  of  this  program  was  performed  in  collaboration  with  J.W.  Harvey 
of  the  National  Solar  Observatory  (NSO)  (Kahler  et  al  . .  1983).  Significant 
differences  were  found  to  exist  between  coronal  hole  boundaries  determined  in 
the  10830  A  and  X-ray  images.  This  in  turn  implies  that  the  use  of  the  10830  A 
data  for  detailed  inferences  of  coronal  hole  parameters  such  as  area  must  be 
viewed  with  caution. 

In  examining  coronal  holes  in  the  AS&E  X-ray  and  Kitt  Peak  10830  A  images, 
Kahler  et  al .  (1983)  found  what  appeared  to  be  a  decrease  in  the  brightness 
contrast  between  the  coronal  holes  and  large-scale  coronal  structure  after  the 
1973-1974  period.  Such  a  "weakening"  of  holes  was  also  observed  in  the  10830  A 
data  alone  during  1976-1977  by  Sheeley  and  Harvey  (1978).  Also,  Levine  (1982) 
determined  that  the  association  between  predicted  open  magnetic  structures  and 
10830  A  coronal  holes  was  less  clear  after  the  Skylab  period.  Specifically,  he 
found  frequent  examples  of  open  magnetic  structures  which  were  associated  with 
small  holes  that  were  'faint'  or  'weak'  in  Hel  10830  A,  i.e.,  having  less  con¬ 
trast  to  their  surroundings  than  the  larger  holes  of  the  declining  phase  of  the 
cycle.  Finally,  Harvey  et  al .  (1982)  found  that  low  latitude  coronal  holes 
contained  three  times  more  flux  near  sunspot  maximum  than  near  minimum  even 
though  their  areas  were  comparable.  Taken  together,  these  results  suggest  that 
over  the  solar  cycle  the  distinction  in  terms  of  open  and  closed  fields  between 
the  coronal  holes  and  large-scale  structure  is  not  as  clear  as  during  the  de¬ 
clining  phase  of  the  last  solar  cycle. 

The  purpose  of  the  present  study  was  to  pursue  the  second  and  third  phases  of 
our  overall  program  discussed  above  to  use  the  solar  X-ray  images  to  study 
coronal  holes  and  open  fields  over  the  solar  cycle.  Our  specific  approach  was 
to  try  and  answer  three  questions  relating  to  cyclical  variations  in  coronal 


1. 


In  the  light  of  ambiguous  quantitative  results  using  Skylab  X-ray 
data,  is  X-ray  emission  from  coronal  holes  detectable  above  back¬ 
ground,  and,  if  so,  does  it  vary  over  the  cycle? 


2.  Can  a  change  in  the  plasma  conditions  within  low  contrast  holes  ex¬ 
plain  the  difference  in  visibility,  and  can  they  in  turn  be  related  to 
the  increased  photospheric  field  strength  found  in  the  holes  of  the 
new  cycle? 

3.  Do  X-ray  coronal  holes  correspond  to  open  field  regions  at  all  stages 
of  the  cycle? 

The  ultimate  goal  of  this  program  is  to  develop  a  model  for  the  variation  of 
conditions  within  coronal  holes  over  a  solar  cycle  and  to  relate  this  model  to 
the  propagation  of  the  solar  wind. 

We  were  unable  to  address  all  three  of  these  questions  in  this  study  because  of 
difficulties  in  cross-calibrating  the  X-ray  data,  which  consumed  much  of  the 
project  time.  However,  we  were  able  to  answer  the  first  question  in  the  af¬ 
firmative  and  to  make  considerable  progress  toward  our  understanding  of  the 
second . 

In  the  next  section  we  describe  the  observational  analysis  in  terms  of  our  ap¬ 
proach,  data  selection,  the  analysis  of  the  X-ray  images,  the  analysis  of  the 
magnetic  flux,  and  comparison  of  the  two  data  sets  over  the  cycle.  A  summary 
of  the  results  and  conclusions  in  the  light  of  present  coronal  hole  models  are 
discussed  in  Section  3.  Tables  and  figures  highlight  the  salient  results. 
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2.0  OBSERVATIONAL  ANALYSIS 


2 . 1  Approach 

The  overall  scientific  objective  of  this  study  was  to  use  coronal  hole  measure¬ 
ments  of  soft  X-ray  coronal  flux  and  photospheric  magnetic  field  strength  to 
examine  possible  variations  in  these  parameters  over  a  solar  cycle  with  the 
goal  of  improving  our  understanding  of  the  physics  of  coroial  holes.  Our  ap¬ 
proach  involved  three  phases.  First,  we  wanted  to  select  the  best  images  from 
among  seven  AS&E  rocket  flights  from  1974  through  1981  to  be  calibrated  and 
reduced  to  arrays  of  energy  flux  at  the  focal  plane.  Specifically,  the  average 
energy  flux  within  the  coronal  hole  boundaries  determined  by  Kahler  et  a  1 . 
(1983)  would  be  measured  to  enable  possible  variations  in  the  emission  from 
holes  over  the  cycle  to  be  examined.  Second,  using  the  technique  of  Harvey  et_ 
a  1 .  (1982),  we  would  use  Kitt  Peak  synoptic  maps  of  average  magnetic  field 
strength  within  the  X-ray  coronal  hole  boundaries  to  compare  with  the  X-ray 
flux  measurements.  Where  necessary,  the  synoptic  maps  would  be  complemented  by 
daily  Kitt  Peak  maps  or  daily  and  synoptic  maps  from  Mt .  Wilson  Observatory. 
Finally,  the  results  of  the  analyses  and  comparison  would  be  interpreted  in 
terms  of  models  of  coronal  hole  formation  and  structure  and  of  cyclical  varia¬ 
tions  of  open  field  structures  as  predicted  by  potential  field  models. 

During  the  study  this  approach  had  to  be  modified  in  the  following  ways.  Only 
X-ray  images  obtained  with  polypropylene  (PP)  and  beryllium  (BE)  filters  and 
with  the  fused  silica  (glass)  mirror  payload  were  analyzed.  This  simplified 
the  data  reduction,  minimized  interflight  calibration  problems,  and  permitted 
us  to  ignore  the  effects  of  scattering  in  the  coronal  hole  flux  measurements. 

In  addition,  we  decided  not  to  analyze  the  November  1979  data  for  various  rea¬ 
sons  (discussed  later),  Kitt  Peak  synoptic  magnetic  maps  were  unavailable  for 
all  of  the  rocket  periods.  These  data  were  supplemented  by  printouts  of  Mt . 
Wilson  daily  maps.  Mt  .  Wilson  synoptic  maps  and  Kitt  Peak  daily  maps  were  not 
used.  Although  the  two  formats  differed  in  sensitivity  and  spatial  and  tem¬ 
poral  averaging,  large-scale  averaging  and  intercomparisons  of  the  two  sets  for 
two  dates  gave  us  confidence  that  the  differences  were  not  important.  Finally, 
rectangular  dark  subareas  within  each  coronal  hole  rather  than  the  entire 


coronal  hole  area  were  used  to  determine  the  net  average  X-ray  flux  and  field 
strength  for  each  hole. 

2  .2  Data  Selection 

Since  the  Skylab  period  full-disk  soft  X-ray  images  of  the  solar  corona  have 
been  obtained  on  seven  AS&E  rocket  flights.  Table  I  lists  the  dates,  times  and 
pertinent  instrumental  data  for  each  of  these  flights.  Kahler  et  al .  (1983) 
provides  more  details  on  the  X-ray  instrumentation  of  the  flights,  except  for 
the  17  November  1976  flight.  They  did  not  analyze  the  data  from  that  flight 
because  of  the  lack  of  Hel  data,  whereas  we  included  it  in  our  analysis.  We 
excluded  the  16  September  1976  and  16  November  1979  data  because  they  were 
obtained  with  the  Kanigen  (metal)  mirror.  That  mirror  is  less  efficient  and 
has  substantially  greater  scattering  than  the  glass  mirror  (see  Davis  et  al.. 
1977  for  a  comparison).  No  measurable  coronal  holes  were  visible  on  the  16 
November  1979  images,  but  small  low  to  mid-latitude  holes  were  visible  on  7 
November  1979  (see  Figure  4  in  Webb  et  al . .  1984)  However,  we  could  not  use 
the  data  from  that  flight  because  scattered  radiation  from  a  flare  in  the 
southeast  precluded  photometric  measurements  in  faint  areas. 

Therefore,  images  from  four  rocket  flights  remained  to  be  reduced  for  our 
study.  The  PP  filters  chosen  for  these  flights  were  similar  to  Filter  3  used 
with  the  Skylab  S-054  instrument  (Vaiana  et  al . .  1977)  to  study  coronal  holes. 
The  PP  image  exposure  times,  exposure  ratios  and  filter  thicknesses  used  in  our 
calibrations  are  given  in  the  last  three  columns  of  Table  I. 

PP  images  from  the  four  flights  are  shown  in  Figure  1  and  the  X-ray  coronal 
hole  boundaries  from  Kahler  et  al .  (1983)  are  reproduced  in  Figure  2  to  the 
same  scale  as  Figure  1.  The  17  November  1976  boundaries,  though  not  included 
in  their  paper,  were  drawn  by  Kahler  et  a  1 .  during  their  analysis.  Their  1976 
and  1981  boundaries  compare  favorably  with  those  determined  independently  by 
Nolte  et  a  1  .  (  1977)  and  Webb  et  al .  (1984),  respectively.  Solar  north  is  up 
and  east  to  the  left  in  all  of  the  figures  in  this  report. 

We  wanted  to  compare  as  a  function  of  time  the  X-ray  emission  with  the  magnetic 
flux  density  from  the  coronal  holes,  using  the  boundaries  determined  by  Kahler 
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et  al  .  We  used  a  variation  of  the  technique  of  Harvey  et  aj.  (1982)  to  compaii- 
the  X-ray  and  photospheric  magnetic  data.  Their  technique  was  to  transfer  Hel 
10830  A  coronal  hole  boundaries  to  synoptic  magnetic  flux  maps  constructed  for 
each  Carrington  rotation.  These  maps  are  routinely  available  from  Kitt  Peak  in 
digital  form  as  described  by  Harvey  ej^_aj  .  (  1980).  However,  as  Table  II  shows, 
the  Kitt  Peak  synoptic  maps  were  not  available-  for  long  periods  around  the 
dates  of  the  first  two  rocket  flights  due  to  weather  or  instrumental  problems. 
Also,  a  three-day  data  gap  centered  on  31  January  1978  degraded  the  synoptic 
Kitt  Peak  data  for  that  flight.  Therefore,  we  obtained  daily  averaged  magnetic 
flux  maps  from  Mt .  Wilson  Observatory  for  the  dates  and  times  shown  in  Table 
II.  Thus,  the  Mt  .  Wilson  data  became  the  primary  source  of  conparison  with  the 
X-ray  coronal  emission. 

2  .  3  Anal ys_i  s_  of  the  X-Ray  Dat  a^ 

2.3.1  Background 

lr,  order  to  determine  coronal  plasma  parameters,  the  X-ray  density  images  must 
be  calibrated  and  reduced  to  arrays  of  energy  flux  deposited  on  the  film  plane. 
For  our  purpose-  determining  the  net  average  energy  flux  within  coronal  holes, 
and  to  a  limited  extent  within  restricted  areas  of  the  diffuse  coronal  back¬ 
ground,  was  tlx-  end  result  of  the  X-ray  analysis.  So  we  did  not  determine 
electron  temperatures,  densities  or  emission  measures  within  the  holes  although 
these-  parameters  could,  in  principle,  be  derived  from  the  energy  flux. 

Except  for  the  mirror,  the-  rocket  images  were  obtained  with  the  same  film  emul¬ 
sion  (SO- 212)  and  similar  instrumental  parameters  used  with  the  AS&E  Skylab 
telescope.  Thus,  we  had  hoped  to  be  able  to  closely  follow  calibration  proce¬ 
dures  used  for  the  Skylab  data  and  described  in  Vaiana  et  a  1  .  (  1977  ).  Funda¬ 
mental  te  these  procedures  : s  knowledge  of  the  conversion  of  S 0—  212  film  den¬ 
sity  to  energy  flux  at  certain  wavelengths  determined  by  laboratory  measure¬ 
ments.  Such  me  asuretnent  s  on  film  sr-nsistrips  <  xpose-d  with  aluminum  (8.3  A)  and 
carbon  (44.7  A)  X-ray  sources  were  made  for  analysis  of  both  Sky  lest  and  rockc-t 
ir.-nge-s  ejbtained  with  the  beryllium  and  polypropylene  filters,  respectively. 
However ,  during  the  Skylab  analysis  problems  were  found  especially  with  the-  44 
A  calibration  data  (e-.g.,  Maysnri  and  Vaiana,  1  97  7  ).  Kahler  (1982)  fiist  noted 


that  large  discrepancies  also  existed  in  the  post-Skylab  rocket  calibration 
data,  and  that  these  were  not  due  to  film  development  chemistry.  We  confirmed 
that,  with  the  possible  exception  of  the  November  1976  data,  the  44  A  rocket 
data  were  inadequate  for  our  calibration.  To  overcome  this  problem  we  used 
synthesized  calibration  data  based  on  the  image  data  themselves  to  provide 
absolute  energy  calibrations  for  each  flight.  This  procedure  follows  that  of 
Maxson  and  Vaiana  (1977)  which  they  developed  to  analyze  areas  of  low  film  den¬ 
sity  and  is  appropriate  for  coronal  hole  data.  However,  it  was  more  time  con¬ 
suming  and  limited  the  scope  of  our  overall  analysis.  Because  of  the  uncer¬ 
tainties  of  the  film  calibration,  the  final  coronal  hole  energy  flux  values  had 
relatively  large  error  ranges.  However,  we  feel  that  this  analysis  is  the  best 
that  could  be  achieved  with,  this  set  of  data  and  that  it  provides  meaningful 
limits  on  the  cyclical  dependence  of  energy  flux  from  coronal  holes. 

Each  flight  image  was  scanned  with  AS&E's  PDS  microdensi tomet er  to  produce  a 
digitized  density  array  with  20  micron  pixels,  equivalent  to  2.8  arc-sec 
spatial  resolution.  Before  proceeding  with  the  data  reduction,  we  had  to  be 
confident  that  emission  from  coronal  holes  could  be  detected  in  the  rocket 
data.  As  a  preliminary  check  on  the  detectability  and  variability  of  such 
X-ray  emission,  we  analyzed  the  density  data  in  terms  of  histograms  of  spatial 
frequency  vs.  gross  PDS  density.  We  found  that  the  full-disk  average  density 
of  each  image,  normalized  and  corrected  to  an  equivalent  Skylab  long  exposure, 
supported  our  impression  from  the  photographs  (Kahler  et  a  1  .  ,  1983)  that  the 
distribution  of  coronal  emission  changes  systematically  with  the  cycle.  For 
instance,  the  full-disk  averaged  coronal  density  obtained  from  a  1974  PP  rocket 
image  was  similar  to  an  equivalent  Skylab  exposure  (Maxson  and  Vaiana);  the 
full-disk  density  was  lower  in  1976  near  sunspot  minimum  and  highest  in  1981 
just  after  sunspot  maximum. 

The  histograms  reveal  that  coronal  holes  are  detectable  above  background  in 
terms  of  density  alone,  even  in  the  June  1974  images  near  sunspot  minimum. 
Figure  3  shows  full-disk  histograms  for  the  first  two  rocket  flights.  Plotted 
is  the  frequency  of  digitized  density  (PDS)  in  terms  oi  3x3  averaged  pixels 
uncorrected  for  background  level,  scattering  or  exposure  differences. 

Small-area  histograms  within  the  large  coronal  hole  on  27  June  1974  reveal  that 
the  hole  emission  peaks  at  about  40  PDS  units,  or  30  with  background  sub- 


tracted.  Thus,  the  hole  emits  above  background,  at  a  value  which  is  slightly 
less  than  that  measured  in  Skylab  CH  1  (Maxson  and  Vaiana).  On  17  November 
1976  the  hole  emission  arose  from  the  large  north  and  south  polar  holes  and  the 
equatorial  extension  from  the  south  pole  (Figure  1).  This  emission  comprises 
the  first  peak  and  tail  in  the  1976  histogram.  These  plots  also  reveal  the 
distribution  of  specific  large-scale  coronal  features  on  each  image  and  how 
this  distribution  changes  with  the  cycle.  As  Maxson  and  Vaiana  showed  for 
Skylab,  the  diffuse  large-scale  structure  (LSS)  is  the  dominant  contributor  to 
the  non-flaring  X-ray  flux.  In  broadband  images  the  LSS  usually  appears  in 
these  plots  as  the  dominant  peak  with  typical  values  above  100  PDS  units.  The 
June  1974  image  illustrates  well  the  major  coronal  components  that  were  visible 
in  the  Skylab  data  one  half  to  one  year  earlier.  The  vertical  lines  indicate 
the  characteristic  densities  of  the  film  background,  the  large  coronal  hole, 
diffuse  LSS,  brighter  LSS  and  active  regions.  These  distributions  changed 
dramatically  during  the  solar  cycle  as  evidenced  by  the  sharp  change  between 
mid-1974  and  late  1976  ,  near  solar  minimum  when  the  enrol  v  ;.s  dominated  by  the 
diffuse  emission  (Figure  3). 

Details  of  the  calibration  and  reduction  procedures  used  in  the  analysis  of  the 
X-ray  images  are  contained  in  the  Appendix.  In  the  next  section  are  summarized 
the  results  of  the  X-ray  analysis. 

2.3.2  Results  of  the  X-Ray  Analysis 

Listed  in  Table  III  and  plotted  in  Figure  4  are  the  net  average  X-ray  inten¬ 
sities  and  their  uncertainties  derived  for  the  coronal  hole  subareas  shown  in 
Figure  2.  These  subareas  were  chosen  to  encompass  areas  of  minimal  brightness 
in  the  holes;  i.e.,  regions  obviously  brighter  than  the  hole  base  level  and 
film  defects  were  avoided.  These  coronal  hole  subareas  are  indicated  on  Figure 
2  by  the  boxes  labelled  'c';  the  box  sizes  and  shapes  are  only  approximate. 
Generally  the  average  gross  density  and  statistical  error  at  at  least  two  loca¬ 
tions  per  hole  and  on  two  adjacent  PP  images  was  measured. 

figure  4  is  assembled  in  time  order  on  a  semi-log  plot.  (Note  that  the  abcissa 
is  not  drawn  to  scale.)  Plotted  at  the  left  are  the  only  three  sets  of  pub¬ 
lished  Skylab  X-ray  measurements  of  the  emission  from  coional  holes.  These 


data  were  all  obtained  with  the  S-054  instrument  on  SO-212  film.  The  first  two 
sets  are  measurements  of  two  areas  in  Coronal  Hole  1  (CH  1)  made  in  August  1973 
using  two  toe  calibration  methods  (Maxson  and  Voiana).  The  third  set  consists 
of  three  measurements  of  the  emission  from  CH  6  shortly  after  its  birth  on  the 
disk  in  October  1973  (Solodyna  et  al  .  .  1977).  Measurements  from  the  four 
rocket  data  sets  follow  in  time  order  from  left  to  right.  A  clear  trend  in  the 
data  is  apparent,  with  the  hole  measurements  in  1973,  1974  and  1976  being 
similar  and  very  low,  rising  to  maximum  values  in  1981  .  Examining  only  the 
rocket  data,  the  hole  emission  was  at  its  lowest  in  June  1974,  a  factor  of  3 
higher  in  November  1976  near  solar  minimum  and  a  factor  of  8  higher  in  January 
1978.  The  emission  from  the  large  southern  hole  in  February  1981  near  solar 
maximum  was  an  order  of  magnitude  higher  than  in  1978,  but  with  large  uncer¬ 
tainties  due  to  large  differences  between  the  rocket  and  Skylab  film  calibra¬ 
tions  and  possible  scattering  contributions. 

At  this  point  a  comment  is  needed  on  the  existence  of  X-ray  emission  from  holes 
with  regard  to  the  contribution  of  scattering  to  the  measurements.  Some 
controversy  arose  concerning  the  Skylab  measurements  of  coronal  hole  emission. 
Maxson  and  Vaiana  concluded  that  CH  1  had  significant  emission.  They  made  no 
corrections  for  scattering,  but  claimed  that  such  effects  were  minimized  in 
their  data  because  they  chose  subareas  far  f rom  bright  sources,  CH  1  had  a 
large  area  and  cross  sections  through  the  hole  revealed  flat-bottomed  profiles 
inconsistent  with  scattering  effects.  On  the  contrary,  Solodyna  et  al .  esti¬ 
mated  significant  scattering  contributions  from  individual  sources  and  so  cor¬ 
rected  the  measured  CH  6  emission.  However,  unlike  CH  1  ,  CH  6  at  the  time  of 
Solodyna  et  a  1 . 1  s  measurement  was  a  very  small  hole  surrounded  by  LSS  and 
active  regions,  and  flaring  occurred  in  a  limb  region  during  some  of  the  obser¬ 
vations.  They  concluded  that  the  X-ray  hole  emission  after  its  development  "was 
consistent  with  zero  within  our  assessment  of  the  experimental  uncer t ant  ies  . " 

Like  Maxson  and  Vaiana  we  chose  to  make  no  scattering  corrections  to  the  rocket 
data,  but  we  also  attempted  to  minimize  such  effects  by  choosing  subareas  away 
from  bright  regions  and  checking  cross-sectional  profiles  through  the  holes. 

In  addition,  we  used  the  shortest  exposures  which  st  ill  shewed  hole  boundaries, 
and  used  on  1 y  rocket  data  that  was  obtained  with  the  glass  mirror.  Scattering 
f rom  this  mirror  is  substantially  reduced  computed  with  the  Skylab  metal  mir- 
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ror,  especially  at  shorter  wave lengt hs ,  and  the  scattering  is  nearly  wavelength 
independent  (Davis  and  Krieger,  1982).  Both  the  Skylab  and  rocket  measurements 
ware  rede  with  data  obtained  on  the  same  film  emulsion  and  with  similar  PP 
f i 1 1 ers  . 

It  must  be  emphasized  that  neither  the  Skylab  nor  our  coronal  hole  measurements 
include  the  effects  of  possible  systematic  errors  arising  from  such  factors  as 
poorly  known  uncertainties  in  the  calibration  data  and  the  absolute  source 
spectrum.  Specifically,  in  our  analysis  systematic  errors  due  to  our  ignorance 
of  the  wavelength  dependence*  of  film  aging,  of  the  temperature  dependence-  of 
areas  of  low  film  density,  and  of  the  details  of  any  scattering  contribution 
could  be  present.  Nevertheless,  we  believe  that  our  conservative  approach  to 
the  cross-ca 1 ibrat ion  of  t  h<  rocket  data  has  minimized  the  effects  of  such 
errors;  the  relative  trend  of  the  X-ray  measur ement s ,  especially,  should  not  be 
effected  by  systematic  errors. 

We  conclude  that  the  rocket  data  confirms  Maxson  and  Vaiana's  view  that  detect¬ 
able  X-ray  emission  arises  from  coronal  holes  and  our  data  reveal  that  this 
emission  appears  to  increase  as  the  cycle  evolves  from  activity  minimum  to  max¬ 
imum.  One  can  take  the  view  that  despite  the  I’ivetsily  in  hole  area,  location 
on  the  disk  and  evolutionary  characteristics,  and  possibly  calibration  pro¬ 
cedures,  the  four  independent  data  sets  from  1 M 7 3  to  1976  reveal  remarkably 
consistent  X-ray  hole  emission  values  varying  over  this  period  by  only  about  a 
factor  of  three.  The  1974  rocket  measurements  are  also  consistent  with 
Solodyna  et  a  1 ■ 1 s  measurements  of  CH  6  made  only  8  months  earlier. 

Finally,  listed  in  Table  IV  and  plotted  in  Figure  6  aie  the  net  average  inten¬ 
sities  and  unc ert ant i es  dor.ved  lei  the  dittuse  <otonaI  background  subareas 
shown  in  Figure  2  and  lab'  i  <  d  'Q.'  Iln-st  sue. irens  wi  i  e  chosen  to  include 
large-scale  areas  of  minima!  <  or  on.  !  miss  ion  on  the  disk  away  from  coronal 
holes,  active  regions  and  bright  I.F'f.  Such  alias  fotm  part  of  the  "background" 
corona  1  emission  and  are  likely  .is-  at  i  d  v  :t  n  d  i  I  I  usi  hops  anchored  in  the 
network  fields.  T 1  Is  (mission  is  t  •  ;  i  <  a  1  !  \  .it  t  ;■>  t  .  -  i  u  t  end  of  the  class  of 
large-scale  structures  (I.SSf  discuss'd  by  Maxson  aid  Vaiana  and  others  .  I  SS 
nr"  associated  with  large,  more  iliatlv  dt  lined  loups  olt'-n  forming  arcades 
over  rn  ut  ral  lines  (Me  I  nt  c>sh  et  a  I  .  ,  !'»/(>)  .  On«  u  i  ght  pet  t  the  diffuse  em  i  s- 


s ion  to  remain  relatively  constant  over  the  cycle,  especially  if  there  are  no 
great  temperature  variations  in  the  plasma.  Table  IV  and  Figure  5,  which  are 
in  the  same  format  as  the  coronal  hole  data,  reveal  more  consistency  among  the 
data,  but  the  same  general  trend  as  seen  in  the  coronal  hole  data.  Plotted  on 
the  left  for  reference  are  Maxson  and  Vaiana's  values  for  two  LSS  areas  during 
Skylab . 


I 

2.4 


Analysis  of  the  Photospheric  Magnetic  Field  Strength  Pat  a 


The  selection  and  acquisition  of  the  photospheric  magnetic  field  data  for  our 
study  were  discussed  in  Section  2.2.  Table  II  lists  the  dates  and  times  of  the 
Mt .  Wilson  magnetograms  and  the  availability  of  the  Kitt  Peak  synoptic  maps 
that  we  analyzed. 


The  Mt .  Wilson  daily  maps  were  our  primary  source-  of  magnetic  field  data  be¬ 
cause  they  were  available  on  or  within  one  day  of  each  of  the  four  rocket 
flights  analyzed.  We  desired  one  map  on  the  day  of  the  flight  and  one  each  on 
the  day  before  and  the  day  after  in  order  to  minimize  any  day  to  day  variations 
in  the  maps.  However,  for  the  1978  flight  only  traps  on  the  day  of  the  flight 
and  the  day  after  were  available,  and  in  1981  only  one  map  was  available  on  the 
day  after  the  flight.  Fortunately,  good  Kitt  Peak  data  were  obtained  for  this 
f 1 ight  . 

The  daily  Mt  .  Wilson  data  were  provided  to  us  in  the  form  of  computer  printouts 
of  averages  in  34  x  34  equal  intervals  of  sine  longitude  (central  meridian  dis¬ 
tance)  and  sine  latitude.  Therefore,  the  spatial  resolution  of  an  average 
pixel  at  sun  center  was  about  2-1/2°,  steadily  degrading  toward  the  limb.  Thus 
these  represented  large  area  averages  of  flux  density  or  field  strength  in 
units  of  Gauss.  The  magnetograph  measures  the  longitudinal  component  of  the 
photospheric  field  in  the  5230  A  line  of  Fel .  Because  of  weakening  in  this 
line,  the  values  measured  are  on  the  order  of  a  factor  of  two  too  low,  but  this 
effect  varies  across  the  disk  (Howard  and  Stenflo,  1972).  Our  measurements 
were  corrected  for  the  effects  of  line  weakening  and  foreshortening  as  de¬ 
scribed  below. 
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The  Kitt  Peak  synoptic  maps  are  available  for  each  Carrington  rotation  and  are 
described  in  detail  by  Harvey  et  a  1  .  (1980).  We  obtained  computer  printouts  of 
equal-area  pixels  of  one  degree  longitude  by  (1/90)  unit  of  sine  latitude  of 
the  mean  field  strength  in  Gauss.  The  observations  used  here  were  obtained 
with  the  512-channel  magnet ograph  which  measures  the  longitudinal  field  in  the 
8688  A  line  of  Fel  .  This  line  saturates  in  umbral  regions  but  requires  no  cor¬ 
rection  elsewhere.  The  values  are  accurate  to  about  +  1  G  (J.  Harvey,  private 
communicat ion) .  Where  necessary  a  cosine  weighting  function  in  longitude  has 
been  applied  to  the  synoptic  data  to  merge  it  across  daily  data  gaps.  The  data 
used  for  the  1978  comparison  was  effected  by  a  3-day  data  gap  centered  on  31 
January  1978,  the  day  of  the  rocket  flight. 

Both  formats  were  treated  similarly  except  that  many  more  points  went  into 
averaging  of  the  Kitt  Peak  arrays,  increasing  their  statistical  weight.  (But 
no  formal  error  analysis  was  applied  to  any  of  the  magnet ic  data.)  We  selected 
rectangular  subareas  on  the  magnetic  maps  which  would  correspond  spatially  to 
the  coronal  hole  subareas  in  which  the  X-ray  measurements  were  made.  The 
magnetic  map  areas  were  determined  from  drawings  of  the  X-ray  hole  boundaries 
using  Stoneyhurst  grids  to  get  the  heliographic  coordinates  of  the  chosen  box. 
The  subareas  in  which  the  magnetic  flux  was  measured  are  shown  by  the  dashed 
outlines  on  Figure  2.  For  the  1976  and  1981  data  these  areas  were  made  to 
coincide  approximately  with  the  X-ray  subareas.  For  the  1974  and  1978  data,  we 
were  able  to  use  single  large  subareas  to  increase  the  statistical  accuracy  of 
the  measurements. 

The  results  of  our  analysis  of  the  photospheric  field  strength  in  coronal  holes 

are  listed  in  Table  V.  The  table  lists  the  date  and  subarea  measured  by  the 

same  hole  designation  used  for  the  X-ray  measurements  in  Table  III.  Column  3 

gives  the  known  polarity  of  the  hole  ns  determined  by  H-alpha  synoptic  charts 

in  Solar-Geophysical  Data  and  the  magnetic  field/solar  wind  observations  of 

Sheeley  and  Harvey  (1981).  Column  6  contains  the  average  measured  longitudinal 

field  strength,  B  ,  in  Gauss  measured  for  each  hole  subarea.  These  were 
m 

obtaired  by  simply  computing  the  algebraic  sum  of  all  pixels  within  the  chosen 
subarea  and  dividing  by  the  number  of  subarea  pixels.  With  one  exception  the 
measured  polarities  agree  with  the  expected  ones.  That  exception  was  the 
measurement  of  the  north  polar  hole  on  17  November  1976.  The  net  polarity  was 
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negative,  not  positive,  but  of  very  low  flux  and  the  measurement  may  have  been 
effected  by  foreshortening  near  the  limb. 


I 

We  made  the  assumption  that  the  observed  fields  are  ladial  and  performed  a 

first  order  correction  for  the  projection  effect  of  the  measured  field  of  the 

form  B  =  B  /cos  where  0  is  the  great-circle  distance  from  sun  center  to  the 
c  m 

subarea.  These  corrected  values,  B  ,  are  listed  in  Column  7.  The  value  of  0 

c 

is  listed  in  the  last  column.  For  the  Mt .  Wilson  data  0  was  taken  to  be  the 
great  circle  distance  to  the  center  of  the  subarea.  This  arc  was  calculated 
according  to  the  formula  sin  (90  -  0)  =  cos  a  cos  b,  where  a  and  b  are  solar 
latitude  and  CMD.  This  average  distance  was  found  to  be  nearly  equal  to  that 
determine  by  performing  the  calculation  pixel  by  pixel.  As  noted  earlier,  a 
correction  for  line  weakening  is  required  for  the  Mt .  Wilson  data.  We  applied  a 
correction  of  the  form  given  by  Howard  (1977)  to  derive  the  "true"  field 
strength,  B^ ; 

n  _  D  I  0.48  +  1.1$  COS  !•  \ 

\  \  \  cos  '!  ) 

This  value  is  listed  in  Column  8  of  Table  V.  In  addition,  the  June  1974  Mt . 
Wilson  measurements  were  increased  by  20%  to  account  for  a  change  in  the 
magnetograph  aperture  ii  1975  (R.  Howard,  private  communication).  The  Kitt 
Peak  synoptic  data  are  already  corrected  for  the  longitude  projection  effect, 
so  we  applied  the  cosine  correction  in  latitude  only.  The  Kitt  Peak  values 
for  u  are  estimates  only  and  are  placed  in  parentheses. 

The  average  flux  values  from  Table  V  ( for  Mt .  Wilson  and  for  Kitt  Peak) 
are  plotted  in  Figure  6  by  date.  Measurements  1 imbward  of  about  M  =  60°  are 
placed  in  parentheses  indicating  that  they  should  be  assigned  lower  weight. 

Mt .  Wilson  observations  not  obtained  on  the  d3y  of  the  flight  art  indicated  by 
the  symbol  'x'.  Comparison  of  the  Kitt  Peak  synoptic  and  Mt  .  Wilson  daily 
measurement s  in  January  1978  and  February  1981  indicate  no  clear  pattern 
between  the  two  Fel  line  measurements.  However,  the  1978  and  1981  subarea  No. 

1  measurements  were  at  an  average  distance  from  sun  center  >  60°  and  therefore 
subject  to  considerab 1 e  foreshortening.  Therefore,  for  cumpai ison  we  have  only 
the  single  average  measurement  within  the  1981  hole  equatorial  extension  ( 

40°).  (Although  the  Mt  .  Wilson  map  was  obtained  a  day  latei,  the  holt'  was  then 
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nearly  at  CMP.)  The  corrected  Mt  .  Wilson  and  Kitt  Peak  values  agree  remarkably 
well,  within  3%,  giving  us  confidence  that  our  magnetic  field  measurements  ar  6' 
reasonably  consistent. 

Harvey  et  al  .  (  1982)  used  Kitt  Peak  synoptic  images  to  measure  the  magnetic 
fluxes  and  field  strengths  in  33  10830  A  coronal  holes  from  1 97  S  to  lc)80.  They 
measured  no  holes  beyond  a  latitude  of  30°  and  uadi  no  corrections  for  projec¬ 
tion  effects.  In  Figure  7a  we  have  plotted  all  of  their  data  on  field  strengths 
given  in  their  Table  I  in  the  same  format  as  our  magnetic  data.  The  lines  join 
measurements  close  in  time  to  guide  the  eye.  This  plot  illustrates  their  re¬ 
sult  that  during  this  part  of  the  solar  cycle,  lower  latitude  holes  contained 
three  times  more  flux  near  activity  maximum  than  at  minimum.  There  appears  to 
he  a  steadily  rising  trend  to  the  data. 

Ir  addition,  on  Figure  7a  we  have  plotted  our  average  Mt  .  Wilson  measurements 
as  crosses  to  ascertain  how  the  fluxes  from  cur  holes  matched  those  of  Karvey 
et  yj_]_.  (  1982)  over  the  same  period.  We  averaged  together  the  corrected 
measurements  for  the  three  days  centered  on  the  rocket  flights  of  27  June  1974 
and  17  November  1976.  We  included  the  average  of  the  Mt .  Wilson  measurements  on 
31  January  and  1  February  1 97 8  even  though  0  exceeded  60r'  and  the  values 
differed  by  a  factor  of  3.  Finally,  the  single  Mt  .  Wilson  measurement  on  14 
February  1981  was  on  the  day  after  the  rocket  flight.  One  of  the  Harvey  et__aj_. 
mf asurement s ,  that  of  their  hole  No.  18  on  19  October  1976,  was  of  the  same 
southern  equatorial  extension  that  we  measured  on  16-18  November  1976.  Our 
averaged  measurement  for  this  hole  of  -3.42  G  agrees  favorably  with  their  value 
of  -2.7  G.  In  general,  our  hole  flux  values  follow  the  trend  of  the  Harvey  et_ 
a  1 .  data  with  the  possible  ixception  of  the  1978  value.  The  1981  value  lies 
below  their  trend,  but  our  measurement  was  made-  after  the  end  of  their  study. 

2  .5  Comp  a  r  i  son  of  the  XyRay  and  Magnet  ic  Fluxi  s  in  Coronal  Ho_les 

Figure  8  provides  a  direct  omparison  of  the  solar  corona  observed  in  soft 
X-rays  on  13  February  198]  (left)  with  Kitt  Peak  and  Mt .  Wilson  magnet ogr aw s  ei 
the  13th  and  14th  (middle  and  t  ight),  re&peitively.  The  X-ray  in- age  was  ob¬ 
tained  about  tnii  year  after  the  sunspot  maximum  of  the  current  cycle.  The 
large  asvmmetric,  hivh-lat  ,tude  (ornriil  hole  we  studied  was  part  of  the  first 


new-cycle  polarity  (  +  )  region  which  had  expanded  iron  its  birth  as  a  sirall, 
mid-latitude  hole  10  rotations  earlier  on  CR  1693  (Webb  et  a  1  . ,  1984).  In  Fig¬ 
ure  10  the  X-ray  boundary  of  the  hole  has  been  superposed  on  the  magneto grams  . 
We  can  see  that  the  hole  boundary  encloses  an  area  on  both  images  of  unipolar 
(positive),  moderately  strong  field  which  has  been  found  to  be  a  characteristic 
of  such  holes  over  at  least  one  solar  cycle. 

Figures  4  and  7  provide  the  primary  basis  of  con  par i son  between  the  X-ray  flux 
and  the  photospheric  magnetic  field  strength  from  the  coronal  holes  we  studied. 
Although  the  X-ray  data  consist  of  snapshots  of  one  hemisphere  of  the  sun  at 
only  four  times  (or  five  including  the  November  1979  period)  durirg  the  cycle, 
they  sampled  key  dotes  during  the  declining  phase  of  the  last  cycle  (1974),  at 
solar  minimum  (1976),  mid-way  up  the  rising  part  of  Cycle  21  (1978),  and  around 
solar  maximum  (1979  and  1981).  It  is  of  interest  to  place  our  data  in  the  con¬ 
text  of  the  more  continuous  studies  since  Skylab  involving  Hel  holes  and  the 
magnet  ic  field  (Sheeley  et__a_l  .  ,  1976;  Shoe  ley  and  Harvey,  1  978,  1981;  Harvey  et 
a  I  .  ,  1982;  Levine,  1982;  and  Webb  ft  aj . ,  1984). 

For  each  flight  all  the  X-ray  measurements  in  Table  111  have  been  averaged 
together  and  plotted  as  a  single  value  in  Figure  7b.  The'  X-ray  hole  measure¬ 
ments  show  an  increasing  trend  with  the  cycle  in  general  agreement  with  the 
magnetic  flux  (Figure  7a),  but  with  a  much  greater  increase,  t  wo  eiders  cf  mag¬ 
nitude,  from  1974  to  1981.  If  we  exclude  t  lie  1981  data  because  of  its  larger 
uncertainties,  the  increase  between  1974  and  1978  is  st  ill  large  --  about  one 
order  of  magnitude. 


3.0  CONCLUSIONS 


This  study  was  part  of  a  general  program  at  AS&F.  to  utilize  soft  X-ray  images 
of  the  solar  corona  to  investigate  the  characteristics  of  coronal  holes  over 
the  solar  cycle.  We  now  summarize  our  observational  results  in  the  light  of 
the  three  questions  posed  in  the  Introduction. 

The  first  question  can  now  be  answered  in  the  affirmative.  We  conclude  that 
the  rocket  results  confirm  earlier  Skylab  results,  though  these  were  inter¬ 
preted  in  different  ways,  that  net  soft  X-ray  emission  from  coronal  holes  is 
detectable.  With  the  possible  exception  of  the  February  1981  data,  the  energy 
fluxes  we  measured  were  consistent  with  the  Skylab  results  despite  the  fact 
that  the  Skylab  and  rocket  telescopes,  essentially  the  optics,  were  different 
iron  each  other. 

The  second  part  of  Question  1  can  also  be  answered  in  the  affirmative.  Within 
the  context  of  our  limited  data  set,  the  observed  X-ray  coronal  hole  emission 
does  appear  to  vary  in  a  systematic  way  over  an  8-year  period  of  the  solar 
cycle.  Comparison  of  21  measurements  made  in  9  coronal  hole  areas  between 
August  1973  and  November  1976  reveal  small  but  measurable  energy  fluxes  within 
about  a  factor  of  3  of  each  other.  The  general  trend  of  the  measurements  is 
sinusoidal,  with  minimum  flux  at  the  latter  period  just  before  sunspot  minimum 
then  increasing  flux  through  1981,  about  one  year  after  sunspot  maximum.  We 
cannot  rule  out  that  the  coronal  hole  emission  for  October  1973  (Skylab)  and 
June  1974  (rocket)  was  below  the  detection  threshold  and  therefore  that  these 
values  are  upper  limits. 

For  each  flight  we  also  made  measurements  of  the  diffuse  background  coronal 
emission  as  a  way  of  ca 1 i brat  ing  the  coronal  hole  1  lux  variations  against  over 
all  vai iat  ions  in  solar  plasma  conditions.  These  results  are  presented  in 
Figure  5.  Overall  there  is  a  similar  tendency  for  t he  diffuse-  emission  to  in¬ 
crease  with  the  cycle.  However,  the-  relative  increase-  is  less  than  for  the 
ciena  1  hole  emission.  From  1974  to  1981  the  diffuse  emission  increased  by  an 
order  cf  magnitude  and  between  1974  and  1978  by  a  factor  of  3;  the  equivalent 
increases  in  hole  emission  over  the  same  intervals  were  factors  of  100  and  10, 
rcpei't  ivrly.  Also,  on  2”  June  1974  the  diffuse  emission  annealed  to  be  de- 


pressed  in  the  lane  separating  the  north  polar  hole  from  its  large  equatorial 
extension.  If  we  compare  only  the  northwest  diffuse  subarea  No.  3  with  the 
subareas  in  1976  and  1978,  the  measurements  all  fall  within  the  error  bars 
(albeit  large)  and  art  reasonably  consistent  with  Maxson  and  Vaiana's  Skylab 
measurements  of  LSS .  Thus,  our  photometric  results  support  the  qualitative 
suggestions  of  Kahler  et  a  1  .  (  1983)  and  Sheeley  and  Harvey  (  1978;  1981)  that 
the  brightness  contrast  between  coronal  holes  and  large-scale  structure 
decreased  during  this  period  of  the  rise  to  activity  maximum. 

By  themselves  these  limited  X-ray  results  do  not  provide  compelling  evidence 
for  a  solar  cycle  variation  in  overall  coronal  hole  emission.  But  when  com¬ 
bined  with  the  qualitative,  but  more  frequent  observations  of  a  "weakening"  or 
decreased  contrast  of  10830  A  holes  and  an  increase  in  the  surface  magnetic 
flux  within  holes  over  the  same  period,  this  conclusion  is  strengthened. 

In  addressing  our  second  question,  the  magnetic  field  data  support  a  relation¬ 
ship  between  increasing  X-ray  hole  emission  and  increasing  field  strength  over 
this  same  period  of  the  cycle.  This  support  comes  primarily  from  the  data  of 
Harvey  et  al  .  (  1982  -  our  Figure  7b)  which  show  an  increase  by  a  factor  of 
three  in  the  field  strength  of  near-equatorial  coronal  holes  between  1975  and 
1980.  Our  direct  measurements  of  the  field  strength  within  the  X-ray  hole 
boundaries  fit  the  overall  trend  of  the  Harvey  el  al  .  data  but  are  too  sparse 
to  conclude  much  else.  The  January/February  1978  magnetic  field  data  don't 
follow  the  trend  of  increasing  X-ray  hole  emission ,  although  the  magnetic  data 
are  effected  by  foreshortening  and,  of  course,  any  given  coronal  hole  might 
have  anamolous  properties.  The  February  1981  magnetic  fluxes  art  the  highest 
in  agreement  with  the  X-ray  results,  but  still  below  the  trend  of  the  Harvey  et 
a  1  .  data. 

At  this  point  it  is  useful  to  discuss  t  lit-  part  icular  coronal  holes  that  we 
measured  in  the  context  of  their  evolutionary  and  interplanetary  characteris¬ 
tics  to  assure  ourselves  that  these  holes  are  not  atypical.  We  will  conf  ine 
our  discussion  to  those  holts  or  extensions  ol  holes  which  occurred  on  or  near 
the  equator,  since  the  correlation  of  such  hoies  with  the  solar  wind  is  known 
to  he  high. 


The  large  June  1974  hole  was  the  only  one  in  our  data  which  extended  over  the 
equatorial  region.  This  hole  evolved  from  a  separate,  small  equatorial  hole 
during  Skylab  (CH  4)  to  join  with  its  like-polarity  north  polar  hole  by  mid- 
January  1974  (Solodyna  et  al  .  .  1975).  As  shown  in  the  Bartels  display  of 
Sheeley  and  Harvey  (1978;  1981)  intercomparing  coronal  holes,  solar  wind  speed, 
the  IMF  and  the  C9  geomagnetic  index,  by  June  1974  this  hole  was  about  midway 
through  its  lifetime.  Through  mid-1975  this  hole  and  another  of  opposite 
polarity  formed  a  two-sector  structure  of  strong,  recurrent  solar  wind  struct¬ 
ure.  These  holes,  and  the  wind  streams,  had  a  27-day  recurrence  period.  All 
these  characteristics  were  typical  of  equatorial  holes  observed  during  Skylab 
(e  .g  .  ,  Zirker  ,  1977 )  . 

The  other  coronal  holes  we  measured  were  either  in  the  polar  regions  or  were 
equatorward  extensions  from  large  polar  or  h igh- 1  at i tude  holes.  The  polar  cap 
boles  in  1974  and  1976  were  typical  of  the  near-solar  minimum  part  of  the  cycle 
(Hundhausen  et_ji  1 .  ,  1981). 

The  negative-polarity,  equatorial  extension  measured  on  17  November  1976  was 
the  early  development  of  a  long-lived  (about  9  rotations),  but  weak  10830  A 
hole  discussed  by  Sheeley  and  Harvey  (1978,  their  Figure  4).  The  evolution  of 
this  feature  was  influenced  by  the  growth  of  a  new-cycle  (positive  polarity) 

BMR  which  weakened  it.  As  Sheeley  and  Harvey  noted,  "Despite  its  weak  appear¬ 
ance,  this  hole  was  associated  with  one  of  the  most  prominent  recurrence  pat¬ 
terns  of  high-speed  solar  wind  and  enhanced  geomagnetic  activity  that  occurred 
during  1976-1977."  The  hole  was  typical  of  this  period  in  having  a  higher  syn¬ 
odic  rotation  period  (28  days)  than  during  the  decline  of  the  previous  cycle. 

This  pattern  was  mimicked  by  the  January  1978  south  polar  extension  hole.  Our 
observation  occurred  during  the  early  development  of  this  long-lived,  rapidly 
rotating  (  29-day  period)  region,  which  was  part  of  a  region  which  persisted 
for  nearly  two  years  (Sheeley  and  Harvey,  1981)!  We  have  already  discussed  the 
February  1981  southern  hole,  which  was  also  long-lived,  of  new-cycle  polarity 
and  may  have  been  associated  with  a  recurrent  wind  stream. 

In  c-very  case,  including  that  of  the  "weak"  November  1976  hole,  the  X-ray  near- 
equatorial  ht)les  were  associated  with  IMF  polarity  of  t  he  same  sign  (Harvey  and 


Sheeley,  1981).  This  fact  and  the  correlation  between  recurrent  patterns  of 
high  speed  wind  and  geomagnetic  activity  suggest  that  these  holes  were  strongly 
connected  with  the  interplanetary  medium  flow  by  open  field  lines  emanating 
from  the  base  of  the  holes. 

We  were  unable  to  further  investigate  this  inference  for  our  data  by  directly 
comparing  the  location  of  the  holes  with  regions  of  open  fields  as  deduced, 
say,  from  potential  field  models.  Levine  has  made  such  comparisons  with  the 
Skylab  data  (e.g.,  Levine,  1977)  and  more  recently  with  10830  A  holes  observed 
in  1973  and  1978-1979  (Levine,  1982).  In  the  context  of  this  study,  his  com¬ 
parisons  were  made  during  two  periods  (March  to  November  1975  and  May  1978  to 
March  1979)  during  which  we  had  no  rocket  observations. 

However,  in  the  case  of  the  1978-1979  period,  we  can  compare  Levine's  (1982) 
study  of  open  fields  with  our  observation  of  the  southern  hole  in  January  1978. 
As  we  noted  above,  this  hole  was  associated  with  a  long-lived,  recurrent  hole 
and  wind  pattern.  This  hole  persisted  in  10830  A  throughout  the  second  period 
of  Levine's  study.  His  Figures  3-6  confirm  that  this  lobe  extending  from  the 
south  polar  region  was  detected  as  a  strong  open  field  region  of  similar  size 
and  shape  and  persisting  through  the  period  of  Levine's  study. 

Therefore,  with  respect  to  our  Question  3,  we  suggest  that  open  field  regions 
in  general  corresponded  to  the  X-ray  coronal  holes  we  observed  during  this 
phase  of  the  cycle.  Unfortunately,  direct  support  for  this  supposition  is 
lacking.  We  could  only  infer  this  association  for  the  1978  coronal  hole,  and 
open  field  calculations  are  presently  lacking  for  the  times  of  the  other 
flights.  Indirect,  but  strong  support  for  the  supposition  also  comes  from  the 
good  correlation  between  the  hole  locations  and  timing,  and  interplanetary 
medium  parameters.  There  appears  to  be  a  moderate  correlation  between  the 
field  strength  in  holes  and  the  X-ray  energy  flux  over  the  cycle,  but  the  vari¬ 
ation  of  X-ray  flux  in  holes  does  not  seem  to  be  strongly  dependent  on  the  de¬ 
gree  of  open  field  structure.  We  hope  eventually  to  extend  our  study  to  in¬ 
clude  a  direct  comparison  of  the  X-ray  hole  data  with  open  field  structure  as 
deduced  from  potential  field  calculations. 
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AFl'FNim  : 


C  A I  U.HAl  I  (<N  AND  KHHl  TIOf.  it  'I  Hf  X-RAY  FATA 


In  this  sect  ion  we  sumnia  r  i  xe  cm  pniccdun  s  for  calibrating  and  reducing  the 
X-r.t\  data,  highlighting  those  aspects  whereby  our  procedure  differed  from  the 
standard  one  (e  .g  .  ,  Vaiann  et  a  1  .  ,  1977).  Tic  stardaicl  procednr  e  for  converting 
tin-  digitized  density  arrays  to  aiinys  of  energy  flux  involves  use  of  dens  it y- 
i  c-rr  t-rgy  ( I‘»  to  E)  calibration  curves  and  c  ci  1  cct  ions  for  the  film  fast-  density, 
tlti  iial  togp,  irg,  radiation  fogging  and  scattering  due  to  the  mirrors.  For  tie 
roc  r-  et  aru  lyx  is  w<  ignored  any  tm  net  ion  for  1 i .  t  ion  fogging,  because  of  the 
slot  ii  t  irn  (  3  n  in)  of  <-acb  flight,  arid  scattering  (see  Section  2.3.2). 

Tr  the  soft  X-tay  region  we  lave  found  that  the  net  density  can  be  related  to 
tin  power  per  on  it  a  i  on  by  i.  eons  of  t  he  ser.  i-ompir  ical  relationship: 

D  1  f ( D  ,  ,  (a!)  Ft) 

max 

where  D  -  muxinni:  pi  xsit  le  net  dens  it  y 
i.  ax 

slope  of  the  linear  port  ion  of  the  D  to  F  curve 
a  1  II1!  speed  whit!  is  invutsily  pioport ional  to  the  cneigy  at 

X.e  hi  dens  i  t  y 

F  I’nvi  i  pi  laiit  area  of  the  exposure 

t  r  exposure1  t  i  lu¬ 


ll  an  cl  !  a:>-  (btaiii-d  e  :.p.  ;  i  i  -  n  t  a  1  1  y  ;  and  ap  are  wave  It  ngl  li-<!<  pc  nde  nt  and 

:  I  -  :  i  :  i  -  r  i-  t  e-r  i  i  i  a  t  u  r  -  -  d  e  pend  i  n  l  p  a  r  an-et  e  r ;.  ..nd  i.  n I  hi  dot  ermined  via  1  a  bo  rat  or  y 
'  a  I  '1 1  r  .- 1  1 1  i- ••  ..ini/nr  from  the  c!at;  itself.  For  our  analysis  we  determined  i 


it’iitively  usiig  the  "scatter  plet"  method  (Vaian.i  et  a!.,  1  97  7  )  on  tve  active 
r  e  g ions  per  Might  for  two  adjacent  FP  exposures.  P  is  a  function  of  the 
f  techie  t  M  ,)  E;  at  a  given  t  <  mpi-r  at  lire-  an  is  a  const  erf  for  ary-  flight  and  at 
this  stagi  is  usually  set  -■  I  and  determined  later. 

F  i  i  !'■  Sp -  -  e'  Ca  l  ibrat  ion 

Tw(>  ri-ajor  pre-hlens  i  i  t  1  <  X-ray  analysis  vl-ich  c  cmseiaecl  much  oi  one  I  iff  wc-l  e 
tic  i  M  a.  ;  1  in!'  nf  a,  (T )  f  c  )  i  ;n  l<  I  1  i  gbt  and  I  In-  c;  !  ibi  ;l  lull  cif  I'lens  cd  low  f  i  1 R 


density,  aw  cannot  be  determined  from  image  data,  and  there  is  no  theoretical 
model  for  its  behavior  in  the  X-ray  region.  Our  knowledge  of  its  behavior  is 
based  entirely  on  laboratory  measurements  (Simon,  197  5)  .  However,  1 1  •  •  44.7  A 
sensistlips  developed  with  each  flight  film  load  virt  inadequate  for  calibration 
use  and  the  8.3  A  data  suggested  the  possibility  that  the  SO-212  film  had 
significantly  aged  since  the  early  1970's  when  our  stock  was  purchased  from 
Kodak.  For  example  ,  as  expected  with  aging,  the  filn  contrast  (,  )  and  speed  (ad 
tended  to  decrease  with  tine  resulting  in  more  deposited  energy  being  reqiired 
to  expose  the  film  grains  to  a  given  density,  Howevei ,  this  tendency  at  £.3  A 
was  not  entirely  systematic  and  we  have  no  information  on  how  the  aging  process 
would  affect  the  wavelength  dependence  of  ap  .  There  was  no  evidence  of  aging  in 
the  visible  light  sensistrips.  Therefore,  we  decided  on  a  fairly  conservative 
approach,  which  was  to  determine  a  range  of  afi ,  and  therefore  a  range  of  energy 
flux,  for  each  flight  by  using  at  one  extreme  the  best  Skylab  exper imental  fit 
of  apO)  and  at  the  other  a  fit  with  the  same  slope  as  Skylab  but  with  an  offset 
"pinned"  to  the  8.3  A  value  of  aw  for  a  particular  flight.  These  a;  ( >  )  fits  are 
shown  j i >  Figure  9.  An  exception  was  the  17  November  1976  data  while  both  the 
rocket  8.3  and  4A.7  A  and  Skylab  sensistrip  data  were  used  to  determine  the 
range  of  aw(  )  . 

The  approximate  ranges  of  f(T)  and  a  (T)  could  be  determined  for  each  fight. 

To  do  this  one  must  know  the  relationship  between  t  h<-  solar  coronal  omission  and 
the  flux  imaged  by  the  telescope-  at  Earth.  We  followed  closely  the  procedure 
discussed  by  Vaiana  et_  a  1  .  (  1  977).  Briefly,  the  total  irradionci  at  the  focal 
plane  reduces  to  the-  equation: 

E .  =  A  ,  /Yn  2  (  f  )  P(  ,  T(  .  ) )  .(Odd, 

t  y  ) 

-2  -1 

where  E.  has  units  of  erg  cm  s  ,  i  denotes  the  filter  used,  (  )  is  t he 
filter  fund  id  ,  and  the  irtegratioi  is  along  the  line  of  sight.  If  the  plasma 
is  isothermal,  the  quantity  (A/4  f  )  and  the  emission  measure,. /N  O  )d  ,  are 
constant  and  the  irradiance  ratio  in  two  f  liters,  in  dir  him  FF  and  BF  ,  is: 

1.  I  (  1  ) 

O’  =  I’l’  =  R(T) 

1  r.l  WO’ 

whei  e  F  .  (T)  =  P(  •  ,T )  .  (  •  )d  '  and  R  is  a  fund  ion  of  in  p  i.iiin-  >  nh  . 


At  ASM-.  P(  ,T),  the  sped  r;il  cl  i  s  t  i  i  but  i  on  of  solni  soft  X-i  ay  omission,  is 
dot  «-M  -  ■  i  •  «I  iiwi  a  ii'ui!  i  i  '  c  1  :  i  c  i  <•  r  t  lie  Tucket  iiiil  Kiircn  (1971)  t  he-oret  ical 
spic  trun>.  Tli  1,11.  o’tity  F'.(T)  is  cle  t  eim  i  nod  for  each  filtii  fund  ion,  permitting 
tin-  t  i  tfi-i  cl  um  to  be  determined  by  conpai  i  i  g  tlie  measured  cuu!  theoretical 
i  1  rod  i  ,iiu e  i  ci  t  i  *  s  .  New  ii  pi  cut  ice  t  I  •  i  s  procedure  is  modified  to  cue  omit  f  <  ■  i 
tie  a.(T)  dependence  of  tin-  filter,  so  that 

•  d  i  I  ) 

F’(  T)  —  '  ; 

1  1  •  .  i..  ill 

PI* 

mu'  no  c!»  '  it  ci  new  (juant  it  y  ,  Q: 

I  >  ‘ 

. 'll  t  f '  > 

Q  "  ,,  =  H(T)  !’i' 

”iVi  ‘  ‘f.n  i  ) 


For  a  given  ft.ture  Q  is  determined  front  tin  incident  iirndicmce  tntio  and  F^(T) 
front  the  tl  >  on  t  ic  al  filtered  spectrum  weighted  by  t  he  appropriate  ap^(T) 
dependence  (Figure  9).  In  our  analysis  we  detetmiiud  tie  range  of  a,:  foi  each 
fliglt  le.  deriving  fuT  two  active  region  areas  the  appropriate  D  to  F.  conversion 
(and  , )  ,  tic  ict  io  Q  and  therefore  the  temperature  i nnge ,  and  finally  the  a,, 
range  over  this  tempi  i  uti.re  for  both  of  the1  a,(  )  fits. 

boy  Pci sity  Caljbrat jon 

The  second  major  problem  faced  in  our  analysis  was  how  to  properly  calibrate 
data  of  low  cb  i  sity,  such  at  tin  emission  f red  eorunc.l  holes  and  the  diffuse 
bcuVgii'iiu.  Oil'  of  the  major  cl  i  sadvant  ages  cf  f  i  In  as  a  detector  it  that  its 
energy  response  is  nonlinear.  The  star  ('aid  model  disco:.:  id  above  fei  density  to 
energy  convert  ion  in  the  X-ray  regime  applies  only  to  the  "linear"  region  of  flu 
X-ray  character  istic  imvc  where-  f  ilm  density  is  ptoport  u.-tcil  to  the  log  of  the 
depositee!  erutgy.  Fainter  than  this,  in  t  lie  so-callfd  "toe"  region,  nr  .malyti- 


cal  model  has  been  ilt-vcloj  ul  to  i'(  kt  ibe  tin  X-ray  D  to  E  behavior.  Techniques 
for  analyzing  Skylab  S-054  data  in  the  toe  region  veil  developed  by  and  d  i  s- 
cossed  in  the  Appendix  of  Naxson  and  Vaiana  (19771.  Ve  used  theii  technique  of 
using  the  data  themselves  to  provide-  the-  shape  of  the  D  to  E  mive  in  the  toe 
re-gion,  and  then  pinning  the-  toe  and  lineal  regions  through  crossover  points 
determined  from  laboratory  calibration  data. 

Like  Maxson  and  Vaiana,  for  each  flight  ve-  selected  coaligned  meat  on  PP  den¬ 
sity  arrays  e> f  adjacent  exposures  that  included  the  coronal  hole  of  interest  and 
ven-  It rge  enough  to  include  a  sufficient  number  of  points  to  adequately  deter** 
mine  the  shape  of  the  D  to  E  curve  f rem  near  the-  background  to  tit  linear 
region.  A  necessary  assumption  of  this  method  is  that  there  be  no  significant 
variation  in  temperature  over  the  field,  so  the  D  to  E  area  must  be  restricted. 
This  toe  density  calibration  curve  can  then  be  converted  to  an  "absolute"  D  to  F 
curve  by  pinning  it  at  crossover  points,  which  are  assumed  to  be  absolutely 
calibrated,  and  extrapolating  down  from  tln-sc-  points  using  the  known  exposure 
ratios.  The  PP  exposures  and  their  exposure  ratios  used  for  the  toe  calibra¬ 
tions  and  coronal  hole  analyses  for  each  fliglt  are  given  in  columns  6  and  7  of 
Table  I  . 

The  crossover  pinning  points  were  determined  in  the  following  way.  The  linear 
regions  of  calibrated  (corrected  y' s)  D  to  E  curves  for  both  filters  for  two 
active  regions  were  shifted  along  the  energy  axis  so  as  to  bracket  the  extremes 
of  the  ap(T)  fits  assumed  appropriate  for  that  flight.  This  rest  lied  in  a 
family  of  curves  determireci  by  the  number  of  curvet-  cf  different  slope  and  the 
a|i  ranges.  The  minimum  number  of  curves  would  be  8;  i.e.,  if  the  t  w  active 
regions  had  the  same  average  temperature,  then  there  would  be  om  PP  and  one  F-E 
curve  which  each  would  be  shifted  to  bracket  lit  targes  of  ai(T)  determined  for 
that  filtered  spectrum.  In  practice  the  range  of  a  for  the  tve  activi  regions 
might  overlap  and  the  range  of  a  (T)  was  usually  small  and  could  he  approx- 
imat  ed  by  a  single-  curvt  ,  P<  lots  vh<  1 1  the  BE  and  PP  niivu  irots  are  presumed 
to  have  the  loirect  P  to  E  v. lues  sinie  tin-  absolute  calibration  should  be  in¬ 
dependent  of  wavelength.  These-  poirts,  of  course,  are  only  as  "absolute"  es  our 
assumptions  about  a.  (T),  which  a  re  ult  imately  based  on  the-  lnlo:.toiy  measure¬ 
ments.  A  nuihti  of  crossover  prints  n-st.lt  bee  aun  \e  1;\»  e  se  <1  tve-  diffe-rent  a 
(T)  f  its  and  de-termined  a  range  of  a  base-e!  e>n  these  f  its  and  a  range  of  temper- 


atures  .  Taking  only  those  crossover  point*  which  allow  ext  r  apo  1  at  ion  down  into 
the  tee  region  of  out  density  calibration  curves,  we  can  then  plot  a  family  of 
"synthesized"  D  to  F  calibration  cmves  for  t  he  toe  region.  For  a  given  flight 
we  need  plot  on  1 j  the  curves  which  yield  the  extreme  energy  limits  for  a  given 
d ens i t  y  va lue  . 

/s  an  example  Figure  10  shows  the  final  toe  calibr.it  ion  nuu:  foi  the  27  June 
1974  date.  Fail  reive  is  adjusted  to  asympt ot i ca 1 1 y  appioacb  the  film  back¬ 
ground  density  at  near-zero  energy.  To  the  left  are  plotted  the  average  gross 
diisities  and  st  at  istical  error  bars  of  the  central  coronal  hole  subarea  m.oa- 
s  i  ret'  on  the  two  PP  images.  The  lower  and  upper  limits  of  the  equivalent  net 
energy  are  read  off  the'  two  curves  at  the  given  density  value  (crosses).  Each 

energy  value  mist  be  divided  by  the  appropriate  exposure-  time  to  yield  net  .n- 

-2  -1 

tiisity,  or  focal  plane  energy  flux  in  erg  cm  s  .  For  a  givin  density  the 
average-  not  ii  tensity  is  the  midpoint  of  the*  range  and  the  "error  bat  "  is  1/2 
the  d  i  f  f <  : i i i o  l 1 1  wo on  the  l wo  intensity  limits. 
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FIGl'KF  CAPTIONS 


Figure  1 


F  igure  2 


F igure  3 


Figure  4 


Figure  5 


Soft  X-ray  images  of  the  solar  corona  for  the  four  dates  analyzed  in 
this  study.  All  images  were  obtained  with  the  AS6«F  glass  mirror 
rocket  payload  and  with  polypropylene  filters.  The  exposure  times 
vary.  Solar  north  is  up  and  east  to  the  left  for  all  images.  The 
central  meridian  longitudes,  L  ,  for  t he  four  images  in  t  ime  older 
were:  237°,  220°,  175°,  and  298°. 

Tracings  of  X-ray  coronal  hole  boundaries  f rom  Kahler  et  a  1 .  (  1  983) 
to  the  same  scale  as  Figure  1.  Hatched  areas  indicate  uncertain 
X-ray  holes.  See  Kahler  et  a  I .  for  details  on  how  the  boundaries 
wert  det  ertnined  .  The  solid  boxes  indicate  the  subareas  where  the 
X-raj  measurement s  of  emission  from  coronal  holes  ( ' C ' )  and  the  dif¬ 
fuse  background  corona  ( ' Q 1 )  were  made.  The  dasht d  subareas  indicate 
where  the  magnetic  flux  was  measured. 

Full-disk  histograms  of  spatial  frequency  vs.  gross  PDS  density  for 
the  59  sec  PP  exposure  on  27  June  1974  (left  and  the  16  sec  PP  ex¬ 
posure  on  17  November  1976  (right).  These  two  images  are  reproduced 
in  Figure  1.  Note  the  change  in  the  ordinate  scales. 

Net  X-ray  intensities  in  coronal  holes  averaged  over  the  subareas 
indicated  by  the1  boxes  labelled  'C'  on  Figure  2  and  listed  in  Table 

III.  The  first  three  data  sets  are  Sky  lab  S-C54  measurement s  of 
holes.  The  points  in  parentheses  for  November  1976  are  uncertain 
because  the'  average  hole  densities  for  the  3.7  sec  exposure  are 
close'  to  the  film  background  density. 

Ne't  X-ray  int  e-ns  i  t  i  es  in  the  diffuse  coronal  background  subareas 
indicated  by  the  boxes,  labelled  ’  Q '  in  Figure  2  and  listed  in  Table' 

IV.  The  first  two  data  sets  are  Skylab  measurements  of  1 SS  areas. 


Figure  6  Linear  plot  of  eon  feted  magnetic  field  strengths  averaged  over  the 
subareas  indicated  by  the  dashed  boxes  on  Figure  2  and  listed  in 
Table  V.  The  data  sets  are  arranged  in  tine  ordei  to  lompaie  our 
measurements  with  those  of  Harvey  et  a  1 .  in  Figure  9a.  Circled 
points  are  Mt .  Wilson  daily  data  on  the  day  of  the  locket  flight, 
and  X's  are  such  data  one  day  before  or  after  the  flight.  Squares 
indicate  measurements  from  Kitt  Peak  synoptic  maps.  The  parentheses 
indicate  measurement  s  1 i mb ward  of  an  average  0  -  60". 

Figure  7  Overall  comparison  of  the  magnetic  field  strength  and  X-ray  llux  of 
coronal  holes  from  1974  to  1981. 

(a)  Semi- log  plot  of  magnetic  field  strengths  from  Kitt  Teak 
synoptic  maps  averaged  over  10830  A  coronal  hole  boundaries  from 
1975  to  1980.  Points  joined  by  a  vertical  line  represent  measure¬ 
ments  of  different  holes  made  during  the  same  months.  We  have 
plotted  these  data  from  Table  I  of  Harvey  et  aj  .  (  1  982);  sec1  their 
paper  for  details.  The  crosses;  indicate  our  averaged  Mt  .  Wilson 
measurements  for  equatorward  holes  only  (see  text). 

(b)  Semi-log  plot  to  the  same  time  scale-  as  (a)  of  the  X-iay  energy 
fluxes  of  the  coronal  holes  listed  in  Table  111.  For  each  flight 
all  of  the  measurements  have  been  averaged  together  and  plotted  as  a 
single-  point.  Fach  error  bar  is  a  simple-  average  of  the  na  asu  r  or  i -n  1 
uncertainties  for  each  flight. 

Figure  8  Comparison  of  the  solar  X-ray  corona  observed  with  AS&F's  rocket 

flight  on  13  February  1981  and  ground-based,  phot osphei if  magneto- 
grams  from  Kitt  Peak  on  the  13th  (center)  and  lit,  Wilson  on  the  14th 
(right).  The  Mt  .  Wilson  map  is  i  rom  So_]  a  r- Ccopl.-y  s  i  ca  1  Data.  Posi¬ 
tive-polarity  fields  are  indicated  by  white  areas  on  the  Kitt  Pe-ak 
image  and  sol  id  line’s  e>n  the  Mt  .  Wilson  map.  The  X-ray  boundary  of 
the  large  southern  coronal  hole  has  been  superposed  on  each  of  the 
magnet  eigrams  .  Fen  the  Mt  .  Wilson  map  the  X-ray  boundary  has  beet; 
adjuste’d  t  o  account  fern  sellar  relation. 


Figure  9  Fite  of  the  SO-212  film  speed  parameter,  ay,  as  a  function  of  X-ray 
vavelength.  The  fits  are  of  the  form  In  ay  «  X-a/b.  Circled  points 
indicate  measured  data.  The  Skylab  (S-054)  and  17  November  1976 
rocket  fits  are  based  on  laboratory  data  at  at  least  two  wavelengths 
with  a  •  14.0,  b  ■  33.8  and  a  E  12.9,  b  **  47.0,  respectively.  The 
S-054  data  are  from  an  AS&E  memo  by  M.  Gerass imenko  dated  1  August 
1975.  The  other  fits  are  derived  by  "pinning"  the  curve  with  the 
same  slope  as  the  S-054  data  to  the  8.3  A  value  measured  for  each 
rocket  flight.  The  values  of  a  for  those  flights  are:  1974:  -2.0, 
1978:  -0.7,  1979:  31.2,  and  1981:  44.3. 


Figure  10  Synthesized  film  density  to  deposited  energy  calibration  curves  for 
the  27  June  1974  data.  These  curves  are  for  the  "toe"  region.  The 
shape  of  the  curve  is  derived  from  image  data  and  is  "pinned"  in  ab¬ 
solute  energy  at  a  point  that  is  dependent  on  assumptions  about  the 
fit  of  ay(X)  and  the  range  of  temperature.  The  curve  yielding  the 
highest  energies  is  pinned  at  the  circled  value:  DpDS  *  HI*  E  ■ 

2.7  erg  cm  the  curve  yielding  the  lowest  energies  is  pinned  at  a 


point  beyond  the  scale  of  the  graph:  OpDe 
background  density  was  11  PDS  units. 


199,  E  -  8.4.  The  film 


CORONAL  X-RAY  OBSERVATIONS 
1974  -  1981 


27  JUNE  1974  17  NOVEMBER  1976 


31  JANUARY  1978  13  FEBRUARY  1981 


Figure  A1 
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CORONAL  HOLE  BOUNDARIES 


27  JUNE  1974 


17  NOVEMBER  1976 


31  JANUARY  1978  13  FEBRUARY  1981 


Figure  A2 
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